Abstract Myosin-binding protein-C (MyBP-C) is an accessory protein of the myosin filaments of vertebrate striated muscle. In the heart, it plays a key role in modulating contractility in response to β-adrenergic stimulation. Mutations in the cardiac isoform (cMyBP-C) are a leading cause of inherited hypertrophic cardiomyopathy. Understanding cMyBP-C function and its role in disease requires knowledge of the structure of the molecule, its organization in the sarcomere, and its interactions with other sarcomeric proteins. Here we review the main structural features of this modular, elongated molecule and the properties of some of its key domains. We describe observations suggesting that the bulk of the molecule extends perpendicular to the thick filament, enabling it to reach neighboring thin filaments in the sarcomere. We review structural and functional evidence for interaction of its N-terminal domains with actin and how this may modulate thin filament activation. We also discuss the effects that phosphorylation of cMyBP-C has on some of these structural features and how this might relate to cMyBP-C function in the beating heart.
Introduction
Myosin-binding protein-C (MyBP-C) is an important accessory component of vertebrate striated muscle thick filaments. It was first detected as an impurity in skeletal muscle myosin preparations [28] , its co-purification with myosin suggesting that it was a myosin-binding protein. Later studies showed that MyBP-C existed in different isoforms: fast and slow skeletal (sometimes present together in the same muscle and even the same sarcomere), and cardiac, where it is named cMyBP-C [9] . In addition to binding to titin and to the light meromyosin (LMM) tail of myosin, anchoring it to the thick filament backbone, MyBP-C can also interact with myosin subfragment 2 (S2), with the myosin regulatory light chain (RLC), and with actin (reviewed in [9, 21] ). The cardiac isoform can be phosphorylated, and this weakens its S2 and actin interactions, which may contribute to cMyBP-C's modulation of cardiac contraction in response to β-adrenergic stimulation [3, 9, 21] .
Understanding cMyBP-C function and its role in cardiomyopathy [3, 15] requires knowledge of its structure and molecular interactions. Here we review the main structural features of the cMyBP-C molecule, its three-dimensional arrangement in the sarcomere, its interaction with the thin filament, and the structural changes that occur when it is phosphorylated. We also suggest areas for future research.
motif (the M-domain) located between the C1 and C2 modules. The cardiac isoform is similar but contains an additional Ig module (C0) N-terminal to the Pro-Ala domain and a cardiacspecific, unstructured, and highly dynamic insert of ∼30 residues in the C5 domain ( Fig. 1a ; [9] ). cMyBP-C also contains four serines within the M-domain that can be phosphorylated by several protein kinases [3] . Each Ig and Fn domain is a compact, ∼10-kDa, globular structure with dimensions ∼2×3× 4 nm (Fig. 1b) . These domains are connected linearly with an ∼4-nm repeat, creating a molecule ∼40 nm long and 2-3 nm wide [9] , with short linker sequences between some domains (Fig. 1a) . Single-molecule electron microscopy (EM) images show that the molecule is very flexible and has sharp hinge points near its middle ( Fig. 1c ; [9] ), possibly at the linker between C4 and C5, and near its N-terminal end, probably in the flexible M-domain (Mun, unpublished data).
The C-terminal region is responsible for anchoring MyBP-C to the thick filament backbone. The C10 domain binds strongly to LMM, while domains C8-C10, or possibly a subset of these domains, bind to titin [9] . The rest of the molecule (C7-C0) may extend away from the thick filament backbone. The binding sites for actin, S2, and the myosin RLC are located in the N-terminal region (domains C0-M), furthest from the thick filament anchoring domains. The molecule is long enough to reach neighboring thin filaments (and possibly neighboring thick filaments) while the C-terminus remains anchored on its parent filament [22] .
Crystallographic data are available for one of the Ig domains (C1), showing that it consists of a β-sandwich fold typical of the Ig family, its two β-sheets containing three and four β strands, respectively [10] (Fig. 1b) . NMR studies have been carried out on multiple Ig and Fn domains of different MyBP-C isoforms, showing a similar overall β-sandwich organization (e.g., [1] ).
The ∼50-residue Pro-Ala domain appears to be intrinsically disordered [18] ; sequence comparisons between species show that the percentage of proline and alanine residues varies inversely with heart rate, suggesting that the Pro-Ala region might help match contractile speed to cardiac function [36] .
The M-domain has a unique structure, similar in the different MyBP-C isoforms, but not found in other proteins. An NMR study suggests that it comprises two subdomains-an N-terminal portion that is flexible and mostly disordered, and a more ordered C-terminal portion containing three α-helices in a three-helix bundle. It has been proposed that this may provide a site for actin binding [16] . The four regulatory phosphorylation sites in cMyBP-C are located close to each other in the disordered half of the M-domain, at residues S273, S282, S302, and S307 (mouse sequence).
The mechanical properties of different cMyBP-C modules have been studied by atomic force microscopy (AFM). Forceextension curves reveal the presence of a long, extensible segment that becomes stretched at low force before the Ig and Fn domains sequentially unfold [18] . This extensible region is thought to be the M-domain, which is probably disordered based on intrinsic disorder prediction programs, consistent with the NMR data [16] . The compact nature of the M-domain in solution [17] and its extensibility at low force suggest that it may function as an elastic element, possibly acting as an entropic spring, which may enhance cardiac relaxation rates [18] . The flexibility of the M-domain may enable MyBP-C to bind to multiple target proteins at a distance by a fly-casting mechanism or to mediate low-affinity dynamic interactions (e.g., S2 or actin binding), for example, during filament sliding [18] . AFM studies of an expressed Nterminal fragment (C0C3) showed that M-domain phosphorylation significantly decreased the contour length of the fragment [23] . Thus, the M-domain, which is extensible in the non-phosphorylated state, appears to adopt a more stable, compact structure upon phosphorylation; this structural change may play a role in the phosphorylation-induced reduction in binding of cMyBP-C to actin and S2 [23] .
Sarcomeric organization
The location of MyBP-C in the thick filament was first determined by immuno-EM. In skeletal muscle, antibodies labeled seven to nine stripes in the middle one third (the C-zone) of each half A-band [8] , the precise number being determined by fiber type [4, 5] . The distance between the stripes was 43 nm, equal to the repeat distance of the myosin helix. Thus, MyBP-C is located at every third level of myosin heads, which are themselves 14.3 nm apart. Cardiac MyBP-C has been shown to have a similar location, in nine stripes 43 nm apart in the Czone [20] (Fig. 2a) . This periodic location is probably determined by the binding of MyBP-C's C-terminal domains to titin, which has an 11-Ig/Fn-domain super-repeat of 43 nm in the C-zone and serves as a template for contractile filament assembly [9, 11] . This organization of MyBP-C explains the appearance of stripes that have long been seen in unlabeled Abands of muscle longitudinal sections (Fig. 2b ) and of isolated myofibrils and A-segments [7, 14] .
To understand how MyBP-C functions in the muscle, its three-dimensional organization must be determined. Various models have been proposed, each with different consequences for MyBP-C's potential interactions with other sarcomeric proteins. The narrow axial extent of the MyBP-C stripes suggests that most of the molecule is confined axially, with its long axis either wrapped around or extending perpendicularly from the thick filament. Yeast two-hybrid experiments demonstrated interactions between domains C5 and C8 and between C7 and C10 of cMyBP-C. Based on these interactions, it was suggested that the C-terminal region forms a collar around the thick filament backbone [24] , possibly serving to strengthen the backbone or regulate myosin head movements. Modeling of muscle X-ray patterns suggests, on the other hand, that the C-terminal domains run axially along the filament surface [38] . Direct evidence for such an arrangement comes from EM of negatively stained cardiac thick filaments [2, 45] . 3D reconstructions show three 4-nm domains, running longitudinally, at the level of each cMyBP-C stripe, most likely the thick filament anchoring domains, C8-C10 (Fig. 2e) . A longitudinal arrangement of C-terminal domains is also suggested by EM of cardiac myofibrils labeled with domain-specific antibodies to cMyBP-C [19] . Antibodies to the N-terminus and the C5-C7 region label at similar axial positions, while C10 antibodies label 10 nm closer to the M-line, consistent with extension of the three C-terminal domains along the filament surface. A similar conclusion was reached for MyBP-C organization in slow skeletal muscle [5] .
In contrast to the C-terminal domains, the N-terminal two thirds of cMyBP-C appear to extend from the thick filament and bind to the neighboring actin filament. Indirect evidence for this comes from X-ray diffraction data [38] , while electron tomography of intact skeletal muscle sarcomeres [21, 22] shows directly that the narrow stripes in the C-zone arise from an axially confined but laterally extended density that connects thick and thin filaments (Fig. 2c, d ). This orientation is supported by the coincidence of the axial positions of antibodies labeling the N-terminus and C5-C7 domains [19] . We conclude that the most likely arrangement of MyBP-C is one in which the three C-terminal domains run along the thick filament surface while the rest of the molecule extends out and may attach to the neighboring thin filament (Fig. 2f) .
This arrangement offers a simple explanation for cMyBP-C's ability to modulate thin filament activity and sliding (see "Actin binding"). It is harder to explain cMyBP-C's interaction with S2 and the myosin RLC if these lie on the surface of the thick filament. Such interactions might be possible when myosin heads extend from the thick filament, e.g., during contraction. Alternatively, MyBP-C might interact with S2 and the RLC on a neighboring thick filament, although there is so far no structural evidence for such contacts in intact muscle.
Actin binding
Although MyBP-C was first isolated as a myosin-binding protein [28] , it soon became clear that it could also bind to F-actin [25] and to regulated thin filaments, containing tropomyosin and troponin [44] . Binding occurs through the Nterminal region, involving primarily the C1 and M domains [6, 33, 37, 39] , with a saturating cMyBP-C/actin molar ratio of 1:1. The ability to bind actin appears to be essential for normal cMyBP-C sarcomeric distribution [6] . Binding via the Cterminal half has also been suggested [34] , although this has not been confirmed by other laboratories [6] , and it is not clear how C-terminal domains, close to the thick filament, could bind to actin in situ. In vitro motility assays demonstrate that cMyBP-C binding to actin slows the sliding of actin filaments over myosin molecules and native thick filaments [30, 33, 35, 39] , suggesting that cMyBP-C might act as a regulator of filament sliding in situ.
EM and neutron scattering experiments on F-actin decorated with N-terminal cMyBP-C fragments provide insights into the nature of the actin-cMyBP-C complex. Modeling of neutron scattering data from filaments decorated with C0C2 suggested a structure in which the C0 and C1 domains bind near subdomain 1 (SD1) and the DNase I binding loop of actin [43] . EM reconstructions of C0C3-decorated filaments provide more direct information and suggest that C0 and C1 bind to SD1, while the M-domain bridges over SD2, and C2 and C3 extend above the filament (Fig. 3a) [26] . This arrangement places C0 and C1 in a position on actin SD1 that would appear to interfere with tropomyosin binding in its low Ca 2+ (blocking) position [26, 29, 43] (Fig. 3a) . Thus, cMyBP-C could potentially modulate thin filament activity by displacing tropomyosin from its blocking position on actin.
Such displacement of tropomyosin has been confirmed by 3D reconstruction of thin filaments decorated with C0C2. When sufficient C0C2 is added to thin filaments under low Ca 2+ conditions, tropomyosin is found in its high Ca 2+ position ( Fig. 3b-d) [27] , which would be expected to activate the thin filament. Thin filament activation by binding of Nterminal cMyBP-C fragments has been directly demonstrated by solution kinetics studies [41, 42] .
Modulation of thin filament activity by cMyBP-C is supported by in vitro motility assays. When cMyBP-C N-terminal fragments are included in assays in which troponintropomyosin-regulated thin filaments slide over molecular myosin, motility occurs even under low Ca 2+ (relaxing) conditions [33] . Conversely, at high Ca 2+ levels, or with F-actin alone, cMyBP-C actually slows filament sliding [33, 39] . These results are consistent with a model in which cMyBP-C binding to the thin filament at low Ca 2+ displaces tropomyosin toward its high Ca 2+ position, thus activating the filament. In contrast, at high Ca 2+ , or with F-actin alone, the binding of cMyBP-C places a load on the thin filament, reducing its rate of sliding. showing MyBP-C density (pink) extending from the thick filament surface (blue, helically organized heads) to neighboring thin filaments (positions indicated with white lines and dots; adapted from [22] ). e 3D reconstruction of mouse cardiac thick filament showing myosin heads (green), titin (blue), and putative MyBP-C C-terminal domains (orange; from [45] ). f Model of cMyBP-C organization, showing linear arrangement of domains C8-C10 and extension of domains C7-C0 to actin filament (cf. c). M-line up in c, e, and f. Bar for a and b=200 nm Interestingly, displacement of tropomyosin does not occur when a shorter N-terminal fragment (C0C1f, containing C0C1 and the first 17 amino acid residues of the M-domain) binds to the thin filament [27] ; this fragment also fails to activate thin filament motility at low Ca
2+
. Thus, regions of the M-domain beyond the first 17 amino acids appear to be required for fully productive binding to thin filaments. Yeast two-hybrid and NMR data are consistent with this finding, suggesting that positively charged residues of the M-domain beyond the first 17 are important to actin binding ability [6, 16] .
A novel in vitro motility assay, in which F-actin or native thin filaments slide along native cardiac muscle thick filaments, adds to the evidence that binding of cMyBP-C to actin can modulate filament sliding [30, 31] . Actin filaments sliding near the tips of the thick filament (where MyBP-C is absent; Fig. 2a ) slow abruptly when they enter the C-zone, consistent with cMyBP-C (extending from the thick filament surface) placing a drag on actin sliding. This braking effect disappears when the N-terminus (C0C1f) of cMyBP-C is missing, supporting the view that this region is essential for actin binding. When regulated thin filaments are used in the assay, filament sliding occurs in the C-zone even under low Ca 2+ conditions. This supports the motility data described above for molecular myosin, suggesting that cMyBP-C's ability to modulate thin filament activity is also present when it is incorporated into native thick filaments.
As mentioned previously, cMyBP-C can be phosphorylated at four sites within the M-domain, reducing, but not abolishing, its interaction with actin [3] . Phosphorylated cMyBP-C still binds to thin filaments [37, 39, 40] , but 3D reconstruction shows that this binding displaces tropomyosin only slightly (Mun et al., unpublished data) . If cMyBP-C phosphorylation has similar effects in the intact myocardium, it could modulate contraction in two ways: by reducing cMyBP-C's slowing of filament sliding [30, 39, 40] and by reducing its activating effect on the thin filament [31] . It appears that cMyBP-C is designed to provide a high level of fine-tuning of cardiac contraction.
Future directions
Our understanding of MyBP-C structure and function has progressed greatly in the past 5 years. Involvement of cMyBP-C mutations in dilated and hypertrophic cardiomyopathy has provided major impetus to these studies and is likely to do so in the future. We have focused here on recent advances in understanding MyBP-C structure and organization, its interaction with thin filaments, and modulation of its function by phosphorylation. Many questions remain concerning the function of this intriguing molecule. (1) Although we have focused on the actin binding effects of its N-terminal domains, this region of cMyBP-C also binds to myosin S2, close to its connection to the myosin heads [12] ; as with actin, this interaction is weakened by cMyBP-C phosphorylation [13] . The N-terminus can also interact with the myosin RLC [32] . What is the function of this N-terminal myosin binding? Can actin and myosin interactions occur simultaneously or does the N-terminus switch between them depending on availability of binding sites or on the state of the muscle? (2) If MyBP-C is confined to one half the length of the thick filament (the two C-zones), and there may interact with only every third level of myosin molecules, how do these limited interactions impact contractility of the sarcomere as a whole? (3) How do MyBP-C organization or interactions change in different physiological states (activation cf. relaxation)? (4) Can MyBP-C binding to actin and/or myosin be demonstrated in vivo? (5) How does MyBP-C affect myosin head organization in the C-zone compared with the P-and Dzones, where it is absent? (6) In what ways are the skeletal MyBP-C isoforms similar to and different from the cardiac isoform? [27] Answers to these and similar questions should provide many new insights into MyBP-C function in the coming years.
